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ABSTRACT 



Aims. We investigate the effect of the cluster environment on the star formation properties of galaxies in 8 nearby Abell clusters. 
Methods. Star formation properties are determined for individual galaxies using the equivalent width of Hq-+[Nii] line emission from 
narrow-band imaging. Equivalent width distributions are derived for each galaxy type in each of 3 environments - cluster, supercluster 
(outside the cluster virial radius) and field. The effects of morphological disturbance on star formation are also investigated. 
Results. We identify a population of early-type disk galaxies in the cluster population with enhanced star formation compared to their 
field counterparts. The enhanced cluster galaxies frequently show evidence of disturbance, and the disturbed galaxies show marginal 
evidence for a higher velocity dispersion, possibly indicative of an infalling population. 

Key words, galaxies: clusters: general - galaxies: evolution - galaxies: interactions 



1. Introduction 
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The transformation of spiral galaxies to lenticulars 
cluster envir onment over the last ~ 5 G 
established dButcher & Oemlerl Il978l [H& 
1 1997b . but the processes responsible for bringing about this 
change are still the subject of vigorous discussion. One set 
of mechanisms centres on the removal of gas from spi- 
ral galaxies in the cluster environm e nt, w h ether through 
collis ional sweeping (Spitzer & Baad^, 1 1 95 it I Valluri & Joa. 
1 990) , ram-pressure stripping of disk gas dGunn & GottLll972t 
Cow ie & SongajH ll977t lNulsenl 119821: lOuilis et al.L 120001) . or 
the removal of large-s cale gas reservoirs in 'strangulat i on' or 
'starvation' scenarios jLarson et al.L Il980t iBalogh et all l2000t 
iBower & BaloghL 120041). with the latter postulated to result in 
anaemic spirals (Bekki eTafl. 120021) . Many studies have looked 
at the effect of tidal interactions either in the general clus- 
ter en v ironment (|Noguchi & Ishibashi, 119861: lLaverv & Henrvi 
1988 1 iHenriksen & Bvrdl Il996j). or in clu s ter sub-units 
dHernauist & Mihosl 1 19951 iBarnes & Hernquistl Il996t iBekkiL 
1999: iGnedinl 120031) . Some have co ncluded that tidal effect s 
lead to galaxy-wide star formation dBvrd & VaitonenL Q990); 
this is one of the possible consequences of repeated high- 
velocity galaxy-galaxy encounters, som etimes termed 'harass- 
ment' (Moore et all 1 1 999b iMihosL 120041) . Low- velocity tidal en- 
counters, on the other hand, tend to drive gas into the central re- 
gions of galaxies leading to nuclear star formation (SF) and the 
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build-up of bulg es dKennicutt et all 119871: iMihos et all 119921: 
llono et a fl, H004). It is also possible that the bulk of the evo- 
lutionar y activity took place through pre-processing in galaxy 
groups (Zabludoff & Mulchaev, 1998) prior to the assembly of 
these groups into the present-day clusters. 

It should be noted that, given the range of processes 
likely to be operating, it is not clear a priori whether the 
predominant effect of the cluster environment will be to 
suppress (through gas removal or exhaustion) or enhance 
(through, e.g., tidal triggering) total SF rates in disk galax- 
ies. Observational studies have adduced evidence supporting 
both possibi l ities, with suppressed SF being found by both 
Balo gh et al. | (ll998l) andf Hashimot o et al. ( 1998b. whereas others 
(iDonas et ailll990tlMoss & Whittlelll993l:lGavazzi & Contursl 
1 1994 1 : iBiviano et all 119971: iMossetall 1 19981: iGavazzi et ail 
1998) conclude that cluster spirals have SF activity similar to 
or enhanced in comparison with the field population. 

A comprehensive survey of the observational work under- 
taken in this area is beyond the scope of this paper, but it is 
illustrative to consider some of the approaches that have been 
adopted. One route is to focus on the properties of galaxies 
in inte rmediate-redshift clusters, as exemplified bv lMoran et al.l 
(2007) who studied the SF activity in clusters at redshifts of 
~0.5. They identify a population of disk galaxies with young 
stellar populations but no ongoing SF, which they take as ev- 
idence for gradual curtailment of SF through 'strangulation' or 
similar processes. However, they also identify a density thresh- 
old for intra-cluster gas, above which a single passage of even a 
large galaxy can lead to gas stripping and an abrupt transforma- 
tion to a gas-depleted lenticular with no star formation. 

A second approach is to use the statistical properties of very 
large numbers of low-redshift galaxie s now made av ailable by 
the Sloan Digital Sky Survey (SPSS). IPark et all (120071) present 
a study of the colours and morphologies of >300,000 SDSS 
galaxies within z ~0.1, which they correlate with the local num- 
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ber density around each of the galaxies. They find the fraction of 
galaxies with early morphological type to be a monotonically in- 
creasing function of this number density, and propose tidal pro- 
cesses as the dominant mechanism of galaxy transformation. 

A third method, and the one adopted in the present study, 
is to look in great detail at the SF properties (rates and spatial 
distributions) of spiral galaxies in the nearest clusters. An excel- 
lent example o f this approach is the s tudy of the Virgo cluster 
undertaken by IKoopmann & KennevI d2004alfbh using spatially 
resolved SF mapping based on Ha narrow-band imaging. They 
find that many of the Virgo cluster spiral galaxies show outer 
truncation of their SF, in comparison with a sample of field 
galaxies, and some show centrally-enhanced SF. They conclude 
that a combination of ram-pressure stripping and tidally-induced 
SF are required to explain these observations. 

The present paper is p art of a study that is applying tech- 
niques similar to those of IKoopmann & KennevI d2004alfbT) to 
eight other nearby galaxy clusters. The sample definition is pre- 
sented in the first paper of this series ( Thomas et al ., 2008) which 
also describes the observations (broad- and narrow-band CCD 
photometry) and the data reduction process. The present paper 
contains an analysis of the total SF properties (rates and Ha 
equivalent widths) of the cluster galaxies, which are compared 
with a field galaxy sample derived from the Ha Galaxy Survey 
(Jam es et all 12004). henceforth HaGS. Future papers will look 
at more detailed properties of SF within these galaxies, e.g. con- 
centration indices and radial distributions. 



2. Data 

2.1. The comparison samples 

Global pa rameters for al l obser ved cluster galaxies are given in 
Table 2 of iThomas et alJ (I2008I) . However, for a robust compar- 
ison with the HaGS field data, the cluster data are restricted 
to two well defined subsamples. The first of these is a com- 
plete sample of all Sa-Sc galaxies in six of the eight survey 
clusters (Abell 400, 426, 569, 779, 1367, 165 6) as surveyed by 
the Object ive Prism Survey (henceforth OPS: iMoss & W hittle. 
2000, 120051) . The second contains all emission line galaxies 
(ELGs) detected by the OPS in all eight clusters (i.e. the above 
six clusters plus Abell 262 and 347) which excludes some 
of the galaxies with emission lines of lower equivalent width 
( IThomas et alll2008l) . 

A full discussion of the completeness of the ELG sample 
as a function of Ha flux, equivalent width (EW) and surface 
brightness is given in IThomas et alj ((2008). To summarise, all 
three factors affect the detectability of galaxies by the OPS, with 
surface brightness being the most important. The ELG sample 
becomes significantly incomplete below an EW of 2 nm, and 
below an Ha flux of 3.2xl0~ 17 W rrT 2 . However, the cleanest 
detectability threshold is given by Ha surface brightness with a 
limit of 4x1 0~ 20 W m 2 arcsec~ 2 . 

An essential requirement for this project is consistent mor- 
phological classifications across the different samples used. For 
many of the cluster galaxies, no literature classifications were 
available, and these were provided by one of t he authors (MW) 
worki ng from plate material as explained in IMoss & Whittle 
(2000). These classifications were done on the revised de 
Vaucouleurs system Jde Vaucoul eursl 1 19591 1 19741) . and inter- 
comparisons were performed where possible, with galaxies 
with classifications given in the UGC dNilsonl Il973h and RC3 
dde V aucouleu rs et allll99lT) catalogues. These comparisons re- 
vealed no systematic offsets and a scatter of about 1 T-type in 



classification, similar to the scatter found from blind repeats 
of the same galaxies. For the field sample, classifications were 
again on the de Vaucouleurs system, taken directly from the RC3 

or UGC 

IMoss! d2006l) suggests that the late type (Sa and later) cluster 
galaxy population has an infalling component with higher veloc- 
ity dispersion than the earlier types, as well as an asymmetric ve- 
locity dispersion relative to the cluster mean. On the other hand, 
the early type (E-SO/a) galaxies are consistent with a v irially 
relaxe d population with a Gaussian velocity distribution. IMoss! 
(2006) therefore determines revised cluster mean velocities and 
velocity dispersions from only the early type objects, using bi- 
weight estimators of scale and central location. Assuming that 
the distribution of galaxies follows the mass distribution of the 
clust er and that the sy stem is spherically symmetric, and follow- 
ing ILewis etalJ (12002). Moss estimates virial radii for all clusters 
using: 

r vir *3.5cr(l + zr h5 , (1) 

where r Vi > is in units of Mpc for cr in units of 1000 km s . 
This gives values 40% larger than the /?200 cl uster radius often 
used as a proxy for the virial radius (e.g. bv iFinn et all [2005) 
for standard cosmological parameters (Hq =70 km s" 1 Mpc" 1 , 
£2a=0.7, £2()=0.3); both definitions give a direct proportionality 
between virial radius and c luster velocity dispersion. 

Table 1 of lMossI d2006l) shows revised values of cluster mean 
velocity, v and velocity dispersion, cr, along with virial radius, 
r V! >, for each sample cluster. These were used to combine the 
sample galaxies, from six or eight individual clusters, into one 
ensemble cluster, where radial distances from the centre are nor- 
malised by the virial radius, and velocities relative to the cluster 
mean are normalised by the cluster's velocity dispersion. 

Galaxies within the two subsamples are restricted to those 
with velocities within 3cr of the revised mean cluster velocity, 
v. The data are also split into cluster galaxies, which lie within 
1 r v ir of the cluster centre, and supercluster field galaxies ly- 
ing beyond 1 r,,,y. The Sa-Sc sample comprises 105 galaxies of 
which 5 have no detectable Ha emission. The ELG sample com- 
prises 115 objects, all of which have been detected in emission in 
the current CCD data. Known AGN were excluded by searching 
the NASA/IPAC Extragalactic Database (NED) and removing 
all galaxies classified as Seyfert (Sy, with any numerical sub- 
type) or LINER. Two galaxies lying close to bright stars have 
also been excluded. 

Galaxies in the cluster and supercluster subsamples are also 
classified, based only on their R band images, as to whether they 
show signs of tidal disturbance. Objects exhibiting strong tidal 
features and/or obvious distortion are classified as T, tidally dis- 
turbed; those with less obvious warps, probable tidal tails and/or 
some disturbance are given a classification of T:, probably dis- 
turbed; an asymmetric appearance or slight distortion of outer 
spiral arms leads to a classification of T::, possibly disturbed; 
and galaxies with no sign of tidal disturbance are assigned no 
value in this category. 

The field data are taken from HaGS, a study of the SF prop- 
erties of 327 field galaxies of all spiral and irregular types (SOa 
- Im, barred and unbarred), with apparent magnitudes brighter 
than ms =15.5, recession velocities less than 3000 km s and 
diameters between 1.7 and 6.0 arcminutes. The full HaGS sam- 
ple includes a large number of low-luminosity galaxies, but the 
subsample studied here was restricted to galaxies brighter than 

M B 18.5. All galaxies classified as AGN in NED (26 in total 

in HaGS) were excluded from the sample, as was done for the 
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cluster sample, but it is worth noting that a study of the mean 
Ha emission profiles of the HaGS galaxies dJames et all [2009) 
found that central unresolved components are not common, and 
typically contribute less than 10% of the total emission-line flux 
when they are present. Thus even if some low-level AGN are in- 
cluded in the cluster or field samples (as will almost certainly be 
the case), the effect on amounts and spatial distributions of emis- 
sion line flux should be small. The HffGS survey does include 
some Virgo cluster and group galaxies, which have also been ex- 
cluded from the comparison sample. The final field comparison 
sample includes 65 galaxies, 50 of which are of types Sa-Scd, 
with 4 of type SOa and the remaining 11 being late-type spi- 
rals, Sd-Sm. Absolute B-band magnitudes for the field data were 
taken uncorrected from HffGS and have been corrected for in- 
ternal and external extinction. Internal exti nction corrections Ab 
were calculated following the methods of Ide Vaucouleurs et alJ 
d 199 lb . including both inclination- and type-dependence as fol- 
lows: 

A B = a(T)log(a/b) 

where (a/b) is the major-to-minor axis ratio, here evaluated 
at the fiR =24 isophote, and 

a(T) = 1.5- 0.03(7 -5) 2 . 

For galaxies with T<0, no internal extinction correction was 
applied, and for peculiar galaxies and those without spiral sub- 
types, a mean spiral correction of 1.3 mag was used. Although 
the resulting overall shapes of the cluster and field Mg distribu- 
tions differ, they are well matched in mean and range. 

Comparing the morphological type distributions of the clus- 
ter and field samples, a larger fraction of early type and fewer 
late type spirals are seen in the cluster environment, as expected 
from the morphology-density relation. The cluster ELG sample 
also contains three type categories not covered by the HffGS sur- 
vey. Three ELGs have types E-SO (SO-), 15 are classified as pe- 
culiar (Pec), which lie outside the Hubble sequence, and 23 are 
spirals of uncertain type (S...). The ELG sample also includes 
two galaxies with no type information, which are excluded from 
much of the following analysis. 

HaGS observations are restricted to galaxies with major-to- 
minor axis ratios of less than or equal to 4.0, in order to ex- 
clude highly inclined objects (i > 81°), where extinction effects 
are likely to be strongest. However, a Kendall rank test on the 
complete cluster Sa-Sc sample shows no significant dependence 
(t = -0.09, probability = 0.16) of EW on inclination within this 
survey, and therefore no axis ratio cut is applied to the cluster 
samples. 

2.2. Observational data 

The data used are derived from CCD images taken in broad-band 
R and narrow-band Ha filters, using the 1.0 m Jacobus Kapteyn 
Telescope (JKT) and the 2.6 m Nordic Optical Telescope (NOT), 
both situated on the island of La Palma. The instrumentation 
used on both the JKT and NOT and the resulting c l uster g alaxy 
photometry are described fully in iThomas et al.l d2008l). and 
the eq uivalent for the comparison field sample in iJames et"aTI 
(2004), so the details will not be repeated here. It should be noted 
that the line fluxes and equivalent widths used are for the Ha line 
and the neighbouring [Nn] lines. The narrow-band imaging was 
continuum-subtracted using appropriately-scaled and aligned R- 
band images, which generally gives good results but inevitably 




Fig. 1. Global EW vs. morphological type for the full field com- 
parison sample. Solid lines show the 2cr limits of the field popu- 
lation. Typical errors in EW are 10-15% for hig h EW (> 2 nm) 
and 2 5-35% for low EW (< 2 nm) galaxies (Sha ne & Jamesl 
2002). 



gives substantial errors for galaxies with low equivalent width 
emission. 



3. Distribution of equivalent widths 

Figure Q] shows the distribution of total EW values with type for 
the comparison field sample, where the total EW for each galaxy 
is taken as the EW within the R — 24 mag/sq. arcsec isophotal 
radius (^"24). A biweight estimator method is used to calculate the 
mean EW and standard deviation for each type and the 2<x limits 
of the field data are plotted as solid lines in the figure. 

The majority of field points lie within these limits. It is 
worth noting here that the field galaxy with the highest EW 
in the field sample, and which lies well beyond the 2<x limit, 
is the Sbc galaxy UGC5786 (NGC 3310). This is a well- 
studied example of a loca l UV-bright starburst with a com- 
plex p eculiar morphology dKinnev et al.lll993t IConselice et al.l 
2000), i ncluding a "bow and arrow" structure in the outer 
regions (IWalker & Chincarinilll967t iBalick & HeckmarJll98U 
iBertola & Sharplll984t iMulder et all 1 19951) most likely caused 
by a recent merger with a sma l ler galaxy ( Balick & Heckmanl 
198ll lMulder & van Driellll996l:IConselice et al.ll2000h . 

Figure [2] shows similar plots for the cluster and supercluster 
Sa-Sc samples, where again the solid lines show the 2cr lim- 
its generated from the field sample, and galaxies are split into 
disturbed (open points) and undisturbed (filled points) objects 
on each plot. It can be seen from Figure [2^ that a substantial 
fraction of cluster galaxies lie beyond the 2<x field limits (~36% 
compared to only 5% of field Sa-Sc galaxies). Ten cluster Sa-Sc 
galaxies (13.5% of the total) appear to have EW reduced com- 
pared to the field sample. Three of these galaxies have no de- 
tected Ha emission, however, 9 of the low emission objects are 
Sb spirals for which the range in field EW values is surprisingly 
small. 
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Fig. 2. Distribution of EW with Hubble Type for the cluster Sa- 
Sc sample split into disturbed (open triangles) and undisturbed 
(filled triangles) objects. Solid lines show the 2<x field limits 
from Figure [TJ Typical errors in EW are ~5-l5% for high EW 
(> 2nm), 15-25% for moderate EW (1-2 nm) and 25-100% for 
low EW (< 1 nm) objects. 



More significant are the 17 galaxies (23%), particularly of 
earlier Sa-Sb types, with EW values beyond the upper field lim- 
its. This suggests that the cluster environment is causing an en- 
hancement of star formation in some spirals. There is also some 
evidence that galaxies with enhanced emission may preferen- 
tially be disturbed, with nearly 59% of enhanced galaxies show- 
ing clear signs of tidal disturbance compared to less than 23% 
of galaxies with no enhancement in EW (x 2 probability < 0.05). 
The supercluster field sample on the other hand is similar to the 
true field population, with only two galaxies lying significantly 




SO- S0+ Sa Sab Sb Sbc Sc Sc+ Pec S.. 
Type 

Fig. 3. As Figure [2] but showing the distribution of EW with 
Hubble Type for the ELG sample. Dashed lines show assumed 
limits for ELG types not included in the field sample (see text 
for details). Typical EW errors are the same as Figuref2] 



above the 2<x limits, and both of these have a disturbed appear- 
ance. 

Figure [3] shows the distribution of EW values with type for 
the cluster ELG sample, again split into cluster and supercluster 
field objects. Here the solid lines again show the 2cr limits for the 
field sample. For the peculiar galaxies and spirals of uncertain 
type, the upper limit is taken as the Sbc value (shown as a dashed 
line) as this is the highest 2<x value in the field sample and should 
therefore provide a conservative limit for these categories, such 
that any peculiar or unknown spiral galaxies with EW values 
above this point can also be considered enhanced. For the three 
E-S0 (SO ) galaxies in the ELG sample it is assumed that the 
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2 4 6 8 10 

EW (nm) 

Fig. 4. Cumulative distributions with EW for disturbed (red) and 
undisturbed (black) galaxies. A K-S test suggests the distribu- 
tions are significantly different. 



upper field limit is the same as that for the SO-SO/a (S0 + ) objects. 
Again this is likely to be higher than the true value as E-SO types 
generally have very little or no current star formation. 

Once again, Figure [3^ shows an increase of EW for a num- 
ber of cluster galaxies, particularly of types Sa-Sb, and this en- 
hanced emission also extends to earlier types with seven of 1 1 
SO-SO/a objects (64%) having EW values enhanced relative to 
the field. It can also be seen that a few late type Sc and later 
galaxies as well as some peculiar and unclassifiable spiral galax- 
ies appear to have enhanced emission. In contrast, the superclus- 
ter galaxies in Figure are almost indistinguishable from the 
true field sample. 

The ELG sample is biased towards objects with more lumi- 
nous, higher surface brightness Ha emission, and so includes 
fewer galaxies with low EW. The low emission objects seen 
in the Sa-Sc sample are, therefore, not included in the ELG 
dataset. However, of the galaxies included in the ELG sample, 
some 34 objects (38%) have enhanced EW values, of which 25 
(~74%) are classified as disturbed. The non-enhanced ELG ob- 
jects also have a relatively high proportion of disturbed galaxies, 
with around 61% showing signs of tidal disturbance. Even ex- 
cluding peculiar galaxies, which are, as expected, all disturbed, 
this figure still stands at 53%, much higher than the 23% dis- 
turbed galaxies seen amongst the Sa-Sc non-enhanced objects. 
This suggests that disturbed galaxies preferentially have brighter 
Ha emission, even for non-enhanced objects. 

Assigning values 0-3 to the tidal disturbance categories 
from undisturbed (no rank) to definitely disturbed (T) allows a 
Kendall rank test to be carried out on the complete Sa-Sc sam- 
ple. This shows a substantial correlation (t = 0.39) of EW with 
tidal disturbance which is significant at the > 5<x level. Similarly, 
a K-S test is performed to compare the distribution of EW values 
in the disturbed and undisturbed samples. This gives a probabil- 
ity of only l.lxl 0~ 5 that the data are drawn from the same distri- 
bution, showing that the disturbed and undisturbed objects have 
significantly different EW distributions at > Act level. The cumu- 
lative distributions with EW for the disturbed (red) and undis- 
tur bed (black) Sa-Sc galaxies are shown in Figure [4] 

iKoopmann & Kennevl (l2004bl) also detect a number of spi- 
rals with star formation rates enhanced by up to a factor of 
3. They find that these are generally lower luminosity galax- 




Sa Sab Sb Sbc Sc 

type 



Fig. 5. Mean EW values with type for the Sa-Sc cluster sample 
(stars), the field (squares), and the supercluster field (crosses). 
The cluster sample is also split into disturbed (open triangles) 
and undisturbed (closed triangles) galaxies. 



ies (Mb > -18), for which they lack a good field comparison 
sample. These authors therefore restrict their sample to galaxies 

brighter than M r,, = -19.5 (M B " 18.5 ) to avoid a possible 

luminosity bias. lKennicutt et al.l (Il984h and lBoselli et all (1200 lh 
also find that lower luminosity galaxies tend to have higher EW 
values. 

For the full Sa-Sc cluster and supercluster data, a Kendall 
rank test shows a moderate (r = 0.24) but significant (3.7 cr) 
dependence of EW on R ba nd magnitude. This r esult is in 
agreement with, for example, iGavazzi et al.l dl996l) . who find 
a significant anti-correlation between galaxy mass and specific 
star formation rate. The current sample, however, has a limit- 
ing magnitude of Mb ~ — 1 8 .5, equivalent to the cut made by 
Koopmann & Kennev (2004b), and therefore includes only rela- 
tively bright galaxies. The mean magnitude of the cluster sample 
is also slightly brighter than that of the fie ld galaxies. The corre - 
lations found in the present study, and bv lGavazzi et al.l (Q996), 
between EW and galaxy luminosity would thus predict overall 
lower EW values for the cluster sample, and cannot be used to 
explain the enhanced emission of cluster Sa-Sc galaxies when 
compared to the field. 



4. Mean EW values 

Figure [5] shows the mean EW values with type for the Sa-Sc 
cluster (stars), supercluster (crosses) and field (squares) samples. 
Means are calculated using biweight estimators to reduce the in- 
fluence of outliers and the error bars shown give the standard 
error on the mean, cr/ ^[n. The cluster data are also split into dis- 
turbed (open triangles) and undisturbed (closed triangles) galax- 
ies. This split is not done for the supercluster sample due to the 
small numbers of objects involved (only 31 galaxies in total), 
however, the mean EW values for the full supercluster sample 
are generally consistent with the field data. 



6 



C.F. Bretherton et al.: Comparison of integrated properties of cluster and field galaxies 




E-SO/a Sa Sab Sb Sbc Sc-Irr Pec 
type 

Fig. 6. Mean EW values with type for the cluster ELG sam- 
ple (stars) split into disturbed (open triangles) and undisturbed 
(filled triangles) galaxies. The field data are shown as filled 
squares. Points for the supercluster subset are not shown, be- 
cause of the small number of galaxies in this category; see Fig. [3] 



It can be seen from Figure|5]that the mean EW values for the 
full cluster data seem to be reduced in general compared to the 
field sample, with the exception of Sa galaxies, but this is only 
significant for Sab and Sb types. The undisturbed objects follow 
the same trend, and with the exception of Sbc types, where only 
a single object is undisturbed, the undisturbed mean EW values 
are very similar to those for the full sample. The disturbed ob- 
jects, on the other hand, show a very different trend, with mean 
EW values for Sa-Sab galaxies greatly enhanced above both to- 
tal cluster and field values. For later types, however, the mean 
disturbed EW values are close to, and consistent with, both the 
full and undisturbed cluster samples. Although the highest EW 
enhancements are seen for the disturbed early type spirals, the 
fraction of Sa-Sab galaxies that are tidally disturbed is only 
21%, compared to 48% and 45% for Sb-Sbc and Sc galaxies 
respectively. 

A similar plot is shown in Figure|6]for the cluster ELG sam- 
ple. Here all E-SO/a cluster galaxies are grouped into a single bin 
and compared to the field mean SO/a EW. In order to increase 
the numbers of objects in the cluster later type bins, all Sc-Irr 
galaxies have also been grouped together. Spirals of unclassifi- 
able type are not included in this figure. The undisturbed cluster 
ELGs have EW values comparable to the field data, however, the 
ELG sample is biased towards galaxies with brighter Ha emis- 
sion, so the true mean EW values may be somewhat lower. Once 
again, the disturbed galaxy sample shows significantly enhanced 
mean EW values for Sa-Sab spirals, but this also extends further 
to even earlier types (E-SO/a). The sample of peculiar galaxies, 
all of which are disturbed, has a mean EW greater than any field 
type. The increases of mean EW in specific Hubble types in Figs. 
[5] and [6] illustrate that the difference in the overall EW distribu- 
tions of the disturbed and undisturbed galaxies, shown in Fig. |4] 
cannot be attributed simply to differences in the morphological 
makeup of the disturbed and undisturbed samples. Disturbance 




Fig. 7. Ho- EW as a function of clustercentric distance for the Sa- 
Sc sample. Large points show mean distances and EW values for 
bins of equal numbers of galaxies. 



seems to affect EW in galaxies of a given type, at least for early 
types. 

It is of interest to consider possible reasons for this enhance- 
ment in EW being apparent only for early types. Two explana- 
tions can be proposed. The first is that enhanced emission tends 
to take place in the densest cluster regions, where we expect 
galaxies to be stripped and generally have lower disk emission, 
thus appearing as early-type galaxies. The second is that the scat- 
ter in EW values for late-type unstripped galaxies is much larger 
than for early types, and may therefore tend to mask any effect. 



5. Clustercentric radial distribution of Ha EW 



Koonman n & Kennevl d2004bl) conclude that truncation of the 
star forming disk, via ICM-ISM stripping, is the dominant pro- 
cess affecting galaxies in clusters. If this is correct then the mean 
EW of cluster spiral galaxies should decrease towards the cluster 

centre. 

Studies using the 2dF Galaxy Re dshift Survey dLewis et al.l 

120021) and SDSS dGomez et alJl2003l) have suggested that there 
is a transition in star formation activity at a characteristic density 
corresponding to the local density at ~1 virial radius, although 
it is difficult to disentangle this from the known morphology- 
density relation (Bo selli & Ga vazzi 200~6h. lG~avazzi et al] (f2006) 
also find evidence that the average Ha EW of luminous spirals in 
the Virgo and Coma + Abell 1367 cluster samples decreases in 
the inner ~ 1 virial radius, although the binning of the data results 
in very few points within 1 r,.„ (two points for Virgo, one for 
Coma + A1367) such that it is not possible to trace a ny gradual 
variation within the cluster itself. lYuan et all J2005), however, 
studied the star formation properties of 184 bright cluster galax- 
ies in the z ~ 0.08 cluster A2255 and found that, although there 
is a slight trend for the specific star formation rates of early-type 
galaxies to decrease towards the cluster centre, the inner late- 
type galaxies, in fact, tend to have higher star formation rates. 
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Fig. 8. As Figure [7] but split into disturbed (open points) and 
undisturbed (closed points) galaxies. 



Fig. 9. As Figure [7] but for the ELG sample. 



Figure |7] shows the EW values of the Sa-Sc sample plotted 
against distance in virial radii from the composite cluster cen- 
tre. Individual galaxies are plotted as black stars, and the red 
triangles show the mean distance and equivalent width in 5 ap- 
proximately equal bins, calculated using a biweight estimator. 
The error bars show the standard error in EW for each bin. The 
mean EW values in the cluster and supercluster Sa-Sc sample 
are lower than the overall field mean for the Sa-Sc sample, how- 
ever, this is likely to be due to the different morphological mix 
in the cluster and field samples. Figure [7] however, shows no 
change in the star formation rate of late type galaxies with clus- 
tercentric radius. This suggests that stripping alone cannot dom- 
inate the transformation of spiral galaxies in these clusters. 

It is tempting to suggest that the lack of an observed trend 
between decreasing star formation and proximity to the cluster 
centre may be due to fie ld interlopers projected towards the in- 
ner parts of the cluster. Moss & Whittle (2000), however, find 
that contamination by field galaxies accounts for only ~20% of 
spirals within 0.5 Abell radii (which corresponds to roughly 0.5 
r V j r for the composite cluster), but will be more important outside 
this radius. Field contamination would therefore likely increase 
any such trend and cannot account for the flat distribution ob- 
served. 

Given the observed differences in star formation activity for 
disturbed and undisturbed galaxies, it is also of interest to study 
the clustercentric radial distributions of EW values for each sam- 
ple separately. This is shown in Figure[8] Here individual undis- 
turbed galaxies are shown as before with black stars, whilst the 
disturbed population have open points. As with previous plots, 
the mean values for the undisturbed galaxies are plotted as filled 
triangles whilst open triangles represent the means for the binned 
disturbed objects. Figure|8]shows that, as with the complete sam- 
ple, no change is seen in mean EW with distance from the clus- 
ter centre for the undisturbed sample. As expected, the means 
for the disturbed galaxies are higher than those for the undis- 
turbed objects, but, although the mean star formation appears 
to be slightly higher at intermediate clustercentric distances, the 



points and error bars are still consistent with a flat distribution. 
The same lack of a significant trend is found for the ELG sample, 
shown in Fig. [9] 

This result is initially surprising, given the number of studies 
finding negative correlations between emission-line strength and 
the number de nsity of the l ocal e nvironment. This dates back at 
least as far as lOsterbrockl (Il960l) . who found emission lines to 
be less prevalent in elliptical galaxies in dense clusters than in 
Virgo cluster ellipticals. The same trend was found for larger 



sampl es of cluster galaxie s , inclu ding spiral galaxies, by Gisler 



(|1978|) and iDressler et all ([1985). Most recently, Vulca ni et al 



(12010) conclude that the average SF rate in 604 galaxies within 
16 intermediate-redshift clusters vary systematically with envi- 
ronment, even at fixed galaxy mass. 

However, other studies have found di fferent results, more in 
line with those found here. These include Biviano et al. (119971) . 
who found that their overall conclusions regarding the correla- 
tion between emission-line strength and environment depended 
critically on a systematic bias resulting from the different ef- 
fects of magnitude-limited selection on field and cluster sam- 
ples. Once this had been corrected for, they found no difference 
between the emission line properties of field and cluster galax- 
ies of_j_gJv£njnorphological type. This result was confirmed 
by|M 

oss & Whittle (2005), who further discuss the selection ef- 
fect analysis of Biviano et al.1 (1 19971) and find results similar to 
those of the present paper for 379 galaxies in low-redshift galax- 
ies, with Objective Pris m measures of H a emission. Finally, 
ICarter et al] (1200 ll) and iRines et al.1 (120051) both conclude that 
the distributions of total Ha EW values for galaxies with signif- 
icant SF show no difference between samples selected within or 
outside the virial radius of their host clusters. 



6. Distribution of disturbed cluster galaxies 

A comparison of the cumulative distributions of the cluster- 
centric distances of disturbed vs. undisturbed Sa-Sc galaxies 
suggests that the radial distributions of these samples are sim- 
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Fig. 10. Normalised velocity distribution for Sa-Sc sample 
galaxies (top and centre), scaled to the cluster mean. Open his- 
tograms show the full cluster Sa-Sc sample, with filled his- 
tograms showing the disturbed (centre) and undisturbed (top) 
populations. The bottom plot shows the normalised velocity dis- 
tribution for the early type population in the six clusters included 
in the Sa-Sc sample. 



ilar. A K-S test gives a probability of 0.89 that they are drawn 
from the same parent distribution. 

Figure [10] however, shows a rather different conclusion 
based on the distribution of galaxy velocities within their clus- 
ters. The normalised velocity dispersion is shown for all Sa-Sc 
sample galaxies within 1 r V! > of the composite cluster centre 
(open histogram). The sample is also split into disturbed and 
undisturbed galaxies, and their distributions are plotted sepa- 
rately in the filled red histograms in the centre and top panels re- 
spectively. The undisturbed galaxies appear to be fairly centrally 
peaked, while the disturbed galaxies show a much flatter dis- 
tribution. The bottom panel in Figure [10] shows the normalised 
velocity distribution for the early type elliptical and lenticular 
galaxies in the six Sa-Sc sample clusters. These objects were 
used to calculate the cluster means and dispersions that were 
then employed to normalise the later type population, and they 
therefore have a mean normalised velocity of 0.0, with a stan- 
dard deviation of 1 .0. 

The mean and dispersion of the velocity distribution have 
been calculated for each Sa-Sc sample using biweight estima- 
tors. The undisturbed sample has a mean of 0.11 + 0.14 with 



a dispersion of 1.02, and is therefore consistent with the early 
type population used to calculate the cluster velocity distribu- 
tions (K-S probability = 0.77, data folded about (v-(v»/cr v = 0). 
For the disturbed galaxies, however, although the mean value of 
0.09±0.30 is still consistent with the composite cluster mean, the 
dispersion has a much higher value of 1 .45. This is, in fact, likely 
to be a lower limit to the dispersion of disturbed galaxies as the 
3cr velocity cut applied in the selection of the sample means that 
galaxies with higher velocity deviations would have been omit- 
ted. Even so, a K-S test shows that the velocity distributions of 
the disturbed Sa-Sc sample and the early type population are 
different at > 2<x significance. The distribution of undisturbed 
galaxies drops off before the 3<x limit. Comparing the veloci- 
ties of the disturbed and undisturbed Sa-Sc galaxies, a K-S test 
gives a probability of 0.06 that these are drawn from the same 
distribution. The marginally higher velocity dispersion observed 
for the disturbed galaxies (~ y2 greater than the undisturbed 
sample) is suggestive of an infalling population, and a similar 
result was found fo r the larger sample of cluster galaxies stud- 
ied by iMossI ([2006). It should also be noted that the disturbed 
galaxy Sa-Sc sample studied here has a somewhat later mean 
type (T =2.96, cf. 2.12 for the undisturbed galaxies) which may 
have some bearing on the interpretation of this result. 



7. Summary 

Comparison of the global Ha EW values of cluster, supercluster 
and field galaxies has identified a population of cluster galaxies 
(particularly early type spirals and lenticulars) with enhanced 
star formation compared to their field counterparts. These ob- 
jects are also more likely to have a disturbed appearance than 
non-enhanced galaxies. Tidal disturbance is found to be corre- 
lated with higher Ha EW at > 5<x (Kendall rank test). A K-S test 
also shows that the distributions of EW values in disturbed and 
undisturbed populations are significantly different (> Act). This 
disturbance is seen in the stellar component and hence is indica- 
tive of tidal effects, rather than, e.g., ram-pressure stripping. A 
number of galaxies with unusually weak line emission are also 
seen in the cluster Sa-Sc sample. The supercluster samples, on 
the other hand, appear very similar to the field. 

Comparing the mean EW values for each type suggests that 
star formation may be reduced in general for undisturbed clus- 
ter galaxies across most types. The disturbed galaxies, however, 
have mean EW values well above those for field early type spi- 
rals, but for later types they are consistent with the field and 
undisturbed cluster samples. The sample of highly disturbed, 
peculiar galaxies included in the ELG sample has a mean EW 
higher than any other field or cluster type. These results suggest 
that galaxy-galaxy interactions and mergers may play a signifi- 
cant role in the evolution of cluster spirals. 

A study of the clustercentric radial distribution of Ha EW 
also shows no correlation between EW and distance from the 
cluster centre. This suggests that stripping alone, which would 
lead to a gradual decrease of star formation towards the clus- 
ter centre, cannot be solely responsible for the transformation of 
spiral galaxies in these clusters, and adds further weight to the 
argument that tidal interactions between galaxies may also be 
important. 

An investigation of the distribution of disturbed and undis- 
turbed galaxies within the cluster shows that, although there ap- 
pears to be no difference in distribution as a function of cluster- 
centric distance, the disturbed galaxies have a marginally higher 
velocity dispersion that may indicate an infalling population. 
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Future papers in this series will look in more detail at the dis- 
tribution of SF activity within the galaxies studied in the present 
paper. This analysis will initially use concentration indices as 
a measure of the compactness of SF, to probe the prevalence 
of outer truncation and centrally-concentrated starbursts. Radial 
light profiles will then be used in a more detailed study of these 
processes. 
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